Phage T7 adsorbed to and lysed cells of Shigelia sonnei D2 371-48, although the average burst size was only 0.1 phage per cell (abortive infection). No mechanism of host-controlled modification was involved. Upon infection, T7 rapidly degraded host deoxyribonucleic acid (DNA) to acid-soluble material. Phage-directed DNA synthesis was initiated normally, but after a few minutes the pool of phage DNA, including the parental DNA, was degraded. Addition of chloramphenicol, at the time of phage infection, prevented both the initiation of phage-directed DNA synthesis and the degradation of parental phage DNA. Addition of chloramphenicol 4.5 min after phage was added permitted the onset of phage-directed DNA synthesis but prevented breakdown of phage DNA. 
The term "abortive infection" refers to instances where the invasion of a bacterial host by a bacteriophage results in the ultimate loss of the phage genome; the host may or may not be killed in this process. The molecular bases for abortive infection, although not known in detail, fall into broad classes, depending on whether, for example, abortive infection is due to repression of a phage genome by immunity substances coded for by a similar genome of a resident prophage (15) , to the presence of conditional lethal mutations susceptible to functional complementation (3, 7), or to "host restriction" of improperly "host-modified" phage (2) .
A case of abortive infection unrelated to these causes is presented in this paper. It specifically affects phage T7, whose genome appears to code for a conditional self-destroying function. The unique features of this T7-specific restriction may be helpful in studying certain aspects of host-virus interaction.
MATERIALS AND METHODS
Bacteria. The host which was abortively infected by T7 was the Shigella sontnei strain D2 371-48 from the collection of I. Suassuna, Instituto de Microbiologia, Rio de Janeiro, Brazil. It was singled out in the course of a systematic screening of about 300 enterobacterial strains from that collection for hosts of phages T3 and T7. The stock used for all our tests was obtained from a single colony, isolated from the original culture; this strain is subsequently referred to as strain D. Other bacterial strains used in an earlier report (14) . Other phages of the T-series were from C. Bresch's collection. Phages P1 and Xvir were given to us by R. C. Clowes. When pertinent, the designation of the last host on which a phage grew, preceded by a point, follows the designation of the phage (viz., P1 B denotes phage P1 last grown on host B). Media. As a liquid medium, I '`Nutrient Broth (Difco), pH 7, was used throughout. Bresch 's color agar (5) and tryptone-agar supplemented with CaC12 (2.5 X 10-3M) were used as solid media. The latter was used only for plating phages P1 and X by the method of agar overlayer. Otherwise, spreading on predried color-agar plates was used.
Isolation of phage mutants. T7 mutants that could grow on D were isolated by plating T7 wild-type lysates on D, at various concentrations, and picking the few plaques which developed. From these mutants, revertants unable to grow on D were isolated in the same manner as that described for amber mutants (14) , except that B was used as a permissive host and D as a nonpermissive host. The ratio of permissive to nonpermissive host cells in the indicator mixture was, in this case, 1 :5 (not :1, as it was for amber mutants).
Experimental conditions. Overnight broth cultures were diluted 1 :100 and incubated with aeration until cell concentrations of 108 to 3 X 108 cells per ml were reached. Phage was generally added directly to 10-to 30-ml samples of these exponentially growing cultures, placed on a rotatory shaker at 37 C. However, when labeled phage was used, the cells were concentrated by centrifugation before being exposed to phage. After 2 min at 37 C to allow adsorption, the infected cultures were diluted 20-fold with cold (10 C) medium and were recentrifuged for 2 min at 10,000 X g. The pelleted cells, free from unadsorbed phage, were then resuspended in a small amount of cold medium, diluted to the original volume of medium at 37 C, and further incubated. Phage was always added at a multiplicity of infection (MOI) of at least 10.
Where indicated, 3H-thymidine (0.5 to I uc/ml of culture) was added to culture samples as specified in the description of individual experiments. Samples (1 ml) were then withdrawn at various times and chilled in equal volumes of ice-cold 10% trichloroacetic acid. Acid-precipitable material was collected on membrane filters. Acid-soluble material was assayed in the supernatant fluid of centrifuged trichloroacetic acid-treated samples to which carrier deoxyribonucleic acid (DNA) had been added (10 optical density units of calf-thymus DNA) before centrifugation. A sample (0.5 ml) of supernatant liquid was added to 10 ml of Bray's solution that contained 0.04 ml of 2 M ammonium hydroxide. All samples were counted in a liquid scintillation spectrometer.
Phage crosses were done as described earlier (14) . For burst-size measurements, the same procedures were used as for phage crosses; a sample of infected cells was also plated before lysis to assay their precise titer. The presence of cyanide, as described in the crossing procedure (14) , had no influence on the burst sizes.
Labeled phage was prepared as follows. Samples of 20 ml of medium, to which 3H-thymidine (20 ,uc/ml) and deoxyadenosine (200 4g/ml) had been added, were inoculated with BB and were grown overnight on a shaker. The cells were then pelleted, resuspended in nonradioactive medium at a concentration of 2 X 108 cells/ml, and incubated for about 15 min. Phage at an MOI of 0.1 was then added, and the cells were further incubated until lysis occurred. The labeled phage were partially purified by one cycle of low-and high-speed centrifugation and were then banded in CsCl. Finally, they were dialyzed for a few hours against growth medium.
Spot tests to check complementation, ultraviolet irradiation, and other procedures, were as described in a previous publication (14) . Enzyme assays were as described by Gefter et al. (9) .
RESULTS
Restriction spectrum of D. Phages P1, XAir, and all phages of the T-series, except Ti which did not adsorb to D, were tested for their ability to undergo restriction and host-controlled modification (2, 17) Eleven independently isolated ss-mutants were used in this study; they were numbered consecutively ssl-, ss2, and so forth.
Lysates of ssl-, ss3-, and ss10-were treated either with nitrous acid or with hydroxylamine. Phage of the mutagen-treated lysates were preadsorbed to B and were then plated on an indicator mixture of B plus D. On this indicator, particles unable to grow on D form characteristic "starry" plaques. Altogether, 50 independent phenotypic revertants, or partial revertants, which were either unable to grow or which grew poorly on D, were then isolated. All of these revertants (generically termed ss-rev) were able to lyse D cells, but the burst sizes varied from 0.2 to about 15, as exemplified in Table 2 . It is not yet clear why most of the revertants gave burst sizes somewhat higher than T7 wild type.
No striking temperature effect on the burst sizes of ss+ or ss-rev mutants was found within the tested range of 25 to 40 C. The latent periods on D of all tested ss-rev mutants, regardless of their burst sizes, were the same, namely, about 25 to 30 min at 37 C. The latent period of ssmutants was a few minutes shorter. Other physiological aspects of infection of D by ss+ and ssrev mutants are discussed in the next paragraphs.
Fate of host DNA. The acid solubility of 3H-thymidine previously incorporated into DNA of the D host was monitored after infection by ss+ or by various ss-rev stocks. Cells labeled for various generations with 3H-thymidine (0.5 ,uc/ml) were transferred into nonradioactive medium; phage was added at an MOI of about 10, and the incubation was continued. At various intervals, samples were withdrawn and chilled in (14) . 3H-thymidine (1 ,ic/ml) and phage were then added, about 3 and 6 min after irradiation, respectively. Samples of the infected cultures were withdrawn after various times of incubation and chilled in 5%l, trichloroacetic acid. The amount of radioactivity incorporated into acid-precipitable material is plotted in Fig. 2 . As shown in this figure, infection by ssl-stimulated thymidine incorporation in a manner similar to that described and discussed (14) for T7 wild-type infection of B. Infection of D by T7 wild type or by ss-rev mutants led to a completely different pattern (Fig. 2) . Thymidine incorporation started normally at 4 min after infection and proceeded until about 8 min, reaching levels of incorporation of about 50%1-of the maximal level of incorporation by ssl-. A rapid resolubilization of incorporated thymidine in cultures infected with ss+ or ss-rev mutants followed, whereas cells infected with ssl-continued net thymidine incorporation. Again, mutant ssl-rev43, which gave the highest burst size among revertants, showed less solubilization. The pattern of phagedirected DNA synthesis during abortive infection of D was thus quite different from that of abortive infection of B by DO-B amber mutants because these mutants were unable to initiate phagedirected thymidine incorporation (14) .
Addition of chloramphenicol (80 ,ug/ml) at times up to 2.5 min after adding the phage completely in ibited phage-directed DNA synthesis. When chloramphenicol was added 4 min after the phage, thymidine incorporation proceeded at about half the normal rate, and no breakdown was detected in any instance. When chloramphenicol was added 4.5 min after the phage, the initial rate of thymidine incorporation was nearly normal (Fig. 3) ; the breakdown of phage-directed DNA in ss+-infected D cells, however, could still be inhibited. When chloramphenicol was added 5 min after the phage, ss+-directed breakdown continued at roughly onethird the normal rate, and, when added 7 min after infection, it was virtually without effect on DNA breakdown (Fig. 3) arose as to whether only newly synthesized phage DNA was broken down or whether the parental genomes were also destroyed. Evidence for destruction of parental phage DNA was found as a result of single-or mixed-infection experiments with ssl-and ss+ phage, in which the DNA of one of the parental types was labeled with 3H-thymidine. Exponentially growing cells were concentrated 50-fold and then either infected with ss+ and ssl-simultaneously or infected with ss+ or ssl--only. After 2 min at 37 C, to allow adsorption, the mixture was diluted with cold Nutrient Broth and recentrifuged to remove unadsorbed phages (MOI about 10; 5 of each type, in mixed infection). The pellets were resuspended in a small volume of cold medium and diluted into Nutrient Broth at 37 C to give a final concentration of 2 X 108 cells per ml (time zero). Samples were withdrawn at intervals, and acid-soluble counts were monitored. Figure 4 shows that upon infection of D cells by labeled ssl-alone, only a minute amount of the adsorbed radioactivity appeared in an acid-soluble form. In all other cases, i.e., infection by labeled ss+ alone, infection by labeled ss+ and unlabeled ssl-, or infection by unlabeled ss+ and labeled ssl-, acidsoluble material originating from the infecting phage genomes was clearly detected about 7 min after infection, and about 25 min after infection a maximal of 40 to 60%C of the adsorbed counts was rendered acid-soluble. This solubilization process was almost totally inhibited by the addition of 30 ,g/ml of chlcramphenicol at the same time as the phage inoculum. The breakdown of both ss+ and ssl-genomes following mixed infection of D is in contrast to that observed in an experiment made for comparative purposes-the mixed infection of B with the DO-B amber mutant amH102 and T7 am+ ssl- (Fig. 4) . Although single infection of B by the amber mutant was also followed by a chloramphenicol-sensitive breakdown of parental phage DNA, this breakdown was prevented by co-infection with T7 am+ ssl-.
Functional complementation. showed very little (less than about 0.2%) or no recombination with these markers and among themselves.] Self-crosses of ss-mutants were made as controls; 4,000 to 6,000 progeny plaques were examined for each cross, and in every case no plaques corresponding to the conditionallethal phenotype were found.
Location of the ssl site relative to the DO-B complementation group of amber mutants. An attempt was made to relate the site of one ssmutant to amber markers. The procedure was first to isolate a series of about 100 amber mutants of T7 ssl-which were then spot tested against representatives of already identified spottest groups (14) of amber mutants of T7 ss+. From each complementation group, one representative amber mutant of T7 ssl-was then crossed against ss+ or against revertants of ssl-, by use of BB as a host (permissive for am and ss+). After lysis, the progeny were plated on BB and on D. Plaques that formed on the D indicator (nonpermissive for am and ss+) were considered am+ ssl-recombinants. The recombination percentages were doubled to account for the reciprocal types (am ss+), and the pertinent distances were plotted on the map shown in the lower part of Fig. 5 . The ssl site mapped adjacent to the far-right markers of the DO-B complementation group (14) 15 to 80 such plaques were counted. Thle mutanits placed above the mapped markers shlowed no, or less thant about 0.2%So recombintation7 with these markers or amontg themselves. Lower part is map positionz of the ssl site relative to the DO-B complementation2 group. Thle amber mutanits with letter prefixes were isolatedfrom T7ss+; they are reproduced in the sequien7ce published earlier (14) . Mutantts am764 antd am668 are the olutermost DO-B type amber mutants isolated from T7ssl-. Distances are averages of recombinationi percentages of three to five crosses. Indepentdenitly isolated revertants of ssl-when crossed amonig themselves gave no recombiniants that were able to grow on D, an1d they thus mapped at the same site. Two values are givenl for the distanlce betweeni am764 antd ssl. The first was obtained as ant average of three crosses of am764 ssl-X am+ ss+; the secontd onte corresponids to an1 average of twelve crosses in which onte parental type was always am764 ssl-an1d the other onie always a differen7t revertantt of ssl-. Th7e stanidard errors are given.
corresponding percentages in crosses with amH131 or am668. Also with this type of genetic crosses, the behavior of phage ss+ was indistinguishable from that of ss-rev mutants.
Synthesis of S-adenosylmethionine-cleaving enzymne (SAMase). A striking biochemical difference between the related phages T3 and T7 is that the synthesis of a phage-directed "early enzyme" (SAMase) which cleaved S-adenosylmethionine into homoserine and thiomethyladenosine was evoked by T3 but not by T7 (9 
DIscUSSION
Although strains B and D have different specificities of host restriction and host-controlled modification (2, 17) vis-a-vis certain phages such as P1 or X, abortive infection of D by T7 does not have the general characteristics of restriction of improperly host-modified phage in the sense originally described by Bertani and Weigle (4) and Luria and Human (20) , and recently reviewed by Arber (2) and by Klein (17) . Systems of host restriction in this classical sense generally affect broad classes of related phages (8, 11) In agreement with a phage-induced breakdown function is the fact that no appreciable breakdown of parental phage DNA occurs if chloramphenicol is added together with the phage inoculum. The notion of a phage-induced autodigestion is further corroborated by the observation that no breakdown of phage DNA occurs during the early steps of infection, in contrast to what was observed with host-restricted X (6, 19) and with nonglucosylated T-even phages (11) . In the T7 system, breakdown of phage DNA, both parental and progeny DNA, starts only about 8 min after phage infection, at a point where phage-directed DNA synthesis has proceeded normally or nearly normally for about 4 min, and about at the time where the first progeny phage particles should start to mature. Addition of chloramphenicol to D cultures at 4 or 4.5 min after infection with T7 does not interfere with the initiation of phagedirected DNA synthesis, but the subsequent breakdown of phage-directed DNA is blocked. Breakdown can thus be characterized as a phagedirected, conditional-lethal function, which is expressed later than those functions required for phage-directed DNA synthesis. In contrast to the T7-directed buildup and breakdown of a DNA pool described here, Hattman (11) found that non-glucosylated T-even phages were incapable of initiating phage-directed DNA synthesis in restrictive conditions. (14) , whereas after ss+ infection an initially normal DNA synthesis is followed by a rapid breakdown. A further similarity between DO-B amber mutants and ss+ is that in both cases, under nonpermissive conditions, infection is followed by a chloramphenicolsensitive autodigestion of the invading phage genomes. However, the fundamental difference is that mixed infection of B with T7 wild type and a DO-B amber mutant prevents this autodigestion, whereas in the case of mixed infection of D with ss+ and ss-mutants, the ss+ genome brings about breakdown of both genomes. In view of this very basic difference, it may now be wise, to consider the map proximity of DO-B mutants and ss mutants as incidental.
The very existence in T7 of a phage-directed function, apparently superfluous in one host and lethal in another, invites speculation. Phagedirected functions which seem to be superfluous in all known hosts have been found in T3, and in T2 and T4. In T3, the sam gene, coding for SAMase (9) , can be eliminated without measurable consequences for the efficiency of phage growth (12) . In T2 and T4, the phage-specific DNA-methylating enzymes (13) exert no known advantageous function, and by comparison with the closely related T6, which does not direct the synthesis of such an enzyme (13) , it can be concluded that they are indeed superfluous, at least in the usual laboratory hosts. However, more bewildering than "superfluous" functions is the conditional-lethal function described here, because it implies an interaction with the host to bring about lethality. Thus, the additional enigma of the nature of the host-specific factor arises. More data need be accumulated before useful speculation can be undertaken. The identification of a host in which this function would be advantageous or even essential may be helpful. Similarly, the isolation of permissive mutants of D would also be of value.
In general, a more detailed investigation of the physiology of abortive infection will be needed to pinpoint its molecular mechanism. In particular, the phage-directed DNA synthesized during abortive infection needs to be analyzed with regard to its physico-chemical properties, such as molecular weight or the possible existence of single-strand breaks. The possible correlation of mutual exclusion between related phages such as T3 and T7 (14) and the present case of self-exclusion of T7 must also be investigated. Self-exclusion could be brought about if a specific exclusion mechanism of T7, directed normally toward related but nonidentical genomes, fails to discriminate between "own" and "foreign" in the specific host environment provided by the D host.
